ABSTRACT: The catalytic effects of MnFe 2 O 4 nanoparticles on the hydrogen storage properties of MgH 2 −LiAlH 4 , prepared by ball milling, are studied for the first time. The hydrogen storage properties and reaction mechanism are investigated by pressure−composition−temperature (PCT), differential scanning calorimetry (DSC), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). The nonisothermal desorption results show that MgH 2 −LiAlH 4 + 5 mol % MnFe 2 O 4 has a lower onset dehydrogenation temperature, 85, 50, and 40°C lower than these of ball-milled MgH 2 −LiAlH 4 sample for each stage in the dehydrogenation process. The isothermal dehydriding kinetics and isothermal rehydrogenation kinetics results indicate that adding MnFe 2 O 4 to MgH 2 −LiAlH 4 could significantly enhance the absorption/desorption kinetics of MgH 2 −LiAlH 4 . From the differential scanning calorimetry and Kissinger analysis, the apparent activation energy of the 5 mol % MnFe 2 O 4 -doped sample for the three decomposition stage is 55.8, 70.8, and 96.5 kJ/mol, resulting in a 45.7, 85.5, and 99.6 kJ/mol decrease, respectively, compared with the MgH 2 −LiAlH 4 sample. These improvements are mainly attributed to in situ formed Fe 0.872 O phase and the amorphous Mn-containing phase during the dehydrogenation process, which act as the real catalyst in the MgH 2 −LiAlH 4 + 5 mol % MnFe 2 O 4 composite.
INTRODUCTION
Large gravimetric (≥5.5 wt %) and volumetric (≥40 g/L) densities are extremely eager for on-board hydrogen storage in fuel cell vehicles according to the U.S. DOE's 2015 target. 1 Magnesium hydride having high theoretical hydrogen storage capacity (7.6 wt %), abundant resources, and low cost can fully satisfy the demand of application. 2−6 However, high desorption temperature (>400°C) and relatively poor hydriding− dehydriding kinetics limit magnesium hydride practical applications. 5−8 During the past decade researchers tried to address these challenges. Efforts included preparing nanoparticles by high-energy ball milling 9 and adding catalysts, such as metals, 5,9,10 C-containing species, 11−14 metal oxides, 15−18 metal halides, 19, 20 and other compounds. 21−23 However, these endeavors could only strengthen its absorption/desorption kinetics properties. Thermodynamic performances of the magnesium hydride could hardly be changed. 24 From this view, researchers tried to destabilize MgH 2 using complex hydride with a high gravimetric density such as LiAlH 4 , which is an effective way to improve the hydrogen storage properties of MgH 2 and LiAlH 4 . 24−29 However, the hydrogen storage performances of the MgH 2 −LiAlH 4 still need further improvement for practical application as a suitable hydrogen storage material, and the reaction mechanism and thermodynamics also require being demonstrated in more detail. Li et al. 30 and Zhai et al. 31 reported that MnFe 2 O 4 nanoparticles could remarkably improve the dehydrogenation properties of MgH 2 and LiAlH 4 alone. Therefore, it is reasonable to assume that MnFe 2 O 4 would show great potential as a catalyst to promote MgH 2 − LiAlH 4 system hydrogen storage performances. Motivated by the above findings, in this study, MnFe 2 O 4 nanoparticles are employed as catalyst to study their effect on the hydrogen storage properties of the MgH 2 −LiAlH 4 system by high-energy ball milling.
EXPERIMENTAL SECTION
Pure LiAlH 4 (hydrogen storage grade, ≥93% purity) and MgH 2 (hydrogen storage grade) were purchased from Sigma Aldrich Co., and MnFe 2 O 4 (≥99.99% purity, 20 nm particle size) was prepared by nitrate−citrate autocombustion methods. Details of the preparation procedure are given in our previous reports. 30, 32 All materials were used directly, with no further purification. All handling (including weighing and loading) was conducted in a glovebox filled with high-purity argon (99.999%) in order to prevent oxidation and moisture. Approximately 3 g of MgH 2 −LiAlH 4 was mixed with different mole fractions (1, 3, 5, and 7 mol %) of MnFe 2 O 4 nanoparticles and then ball milled for 30 min in a high-energy Spex Mill. MgH 2 and LiAlH 4 with a molar ratio of 1:1 will be referred to as MgH 2 −LiAlH 4 for simplicity. MgH 2 −LiAlH 4 was also prepared under the same conditions for comparison purposes. All samples were loaded into a 80 mL stainless steel pot in an argon-filled glovebox. ZrO 2 balls were added with a ball-topowder weight ratio of 15:1. Samples were first ball milled for 10 min and then cooled down for 5 min after each cycle.
Hydrogen absorption and desorption properties of undoped and doped MgH 2 −LiAlH 4 samples were measured using a pressure−composition−temperature (PCT) apparatus (Beijing Nonferrous Metal Research Institute, China). The highest pressure and temperature of the apparatus can be operated up to 10 MPa and 600°C. The pressure of hydrogen in relation to volume was displayed by a pressure transducer. Experimental studies were done by a reactor that consisted of two parts: a heater and sample vessel. The former was used to connect with the pressure transducer and thermocouple. The reactor had a 1.5 cm outer diameter (o.d.), 0.5 cm wall, and 20 cm internal length, and it was loaded with the sample vessel (1 cm o.d., 0.1 cm wall, and 5 cm internal length). The reactor was heated with an air furnace. The mass of the sample used for measuring was kept at 0.3 g for each time, and the error range of temperature was controlled within ±1°C. From the value of hydrogen pressure change, the amount of hydrogen absorbed and desorbed could be obtained. 33, 34 For nonisothermal dehydrogenation, 0.5 g of the sample was loaded into the sample vessel in the glovebox and then heated up to 500°C at a heating rate of 4°C/min under 0.1 MPa atm pressure. The isothermal dehydrogenation behavior for undoped and doped samples was carried out at 200 and 300°C under 0.1 MPa pressure, respectively. Following the first complete dehydrogenation, samples were subjected to rehydrogenation studies at 300°C under 3 MPa of hydrogen pressure. The dehydrogenation/ rehydrogenation amounts, calculated for all samples, were converted to pure MgH 2 −LiAlH 4 with elimination of various impurities.
For analyzing the dehydrogenation performance and calculating the desorption activation energy of the undoped and doped MgH 2 −LiAlH 4 sample by means of the Kissinger method, differential scanning calorimetry (DSC) was performed using NETZSCH STA 449C under a high-purity argon (99.999%) flow rate of 50 mL/min. About 5 mg of the sample was sealed into a 50 mL alumina crucible in the glovebox and then heated at different rates (4, 7, and 10°C/min) from 50 to 500°C.
Microstructural characterization of the samples after ball milling, after dehydrogenation, and after rehydrogenation was determined using the MXP21VAHF X-ray diffractometer with Cu Kα radiation (40 kV, 200 mA) at room temperature. The 2θ angle was varied from 10°to 90°in 0.02°increments. X-ray photoelectron spectroscopy (XPS) was performed with the PHI-5300 spectrometer. Figure 1 35 and a total hydrogen release capacity of 6.71 wt % is obtained during these three decomposition processes.
RESULTS AND DISCUSSION
While for the MnFe 2 O 4 -doped samples, three stages of dehydrogenation are observed during the heating process. For the 1 mol % doped sample, the dehydrogenation process starts at 110°C and terminates at 205°C for the first decomposition stage and initiates at 205 and 325°C and ends at 280 and 415°C
for the second and third decomposition steps, respectively. Further increase of additives amounts to 3 mol %; the onset dehydrogenation temperature reduces to 90, 195, and 310°C for the three stages. Compared with ball-milled MgH 2 −LiAlH 4 , adding 1 and 3 mol % of MnFe 2 O 4 causes a reduction in the onset desorption temperature of 30 and 50°C for the first step, 15 and 25°C for the second step, and 15 and 30°C for the third step, respectively. During the three dehydrogenation processes, the sample with 1 mol % MnFe 2 O 4 releases about 6.82 wt % hydrogen for three stages whereas 6.78 wt % hydrogen is desorbed for the 3 mol % doped sample, while for the ball-milled MgH 2 −LiAlH 4 + 5 mol % MnFe 2 O 4 sample three stages of dehydrogenation occur during the heating process with a total hydrogen release amount of 6.74 wt %. The first stage proceeds in the temperature ranging from 55 to 170°C
, which is 85 and 50°C lower than those of ball-milled MgH 2 −LiAlH 4 . The second stage takes place from 170 to 210°C
, resulting in 50 and 90°C decreases, respectively. The third stage starts at 300°C and is completed at 400°C, causing reduction of 40 and 30°C. With the amount of additive increasing to 7 mol %, the onset dehydrogenation temperature decreases to 53, 160, and 270°C, respectively, which indicates MnFe 2 O 4 nanoparticles can significantly improve the dehydrogenation performance of the MgH 2 −LiAlH 4 system. However, the desorption hydrogen content for the 7 mol % doped sample is only 5.04 wt % for the three steps, signifying a severe reduction in the hydrogen desorption capacity due to an excessive amount of MnFe 2 O 4 nanoparticles. Therefore, the 5 mol % MnFe 2 O 4 doped MgH 2 −LiAlH 4 sample exhibits optimal dehydriding property, including the desorption temperature and hydrogen released capacity. Thus, utilizing the optimal 5 mol % MnFe 2 O 4 -doped sample allows analyzing the MnFe 2 O 4 catalytic mechanism in the following tests.
The dehydrogenation behavior of ball-milled MgH 2 −LiAlH 4 and ball-milled MgH 2 −LiAlH 4 doped with 5 mol % MnFe 2 O 4 sample is further studied by DSC. Figure 2 shows the DSC curves of ball-milled MgH 2 −LiAlH 4 sample and ball-milled MgH 2 −LiAlH 4 doped with 5 mol % MnFe 2 O 4 sample within 50−500°C at a heating rate of 10°C/min. As shown in Figure  2a , the DSC curve of the ball-milled MgH 2 −LiAlH 4 sample includes five distinct characteristics peaks, corresponding to two exothermic processes and three endothermic processes. The first exothermic peak turns up at 142.4°C, corresponding to the interaction of LiAlH 4 with surface hydroxyl impurities, 31 In order to analyze the mechanism in the dehydrogenation process, X-ray diffraction is performed on ball-milled MgH 2 − LiAlH 4 doped with 5 mol % MnFe 2 O 4 . Figure 3 
where β is the heating rate, R is the gas constant, and T p is the value of the peak temperature in the DSC curve. Therefore, the apparent activation energy, E a , can be obtained from the slope in a plot of ln(β/T p 2 ) versus 1000/T p . The apparent activation energy of ball-milled MgH 2 −LiAlH 4 sample is calculated to be 101. 5 wt % hydrogen is absorbed within 300 s. However, a hydrogen absorption capacity of 3.64 wt % is reached within 300 s for the MgH 2 −LiAlH 4 + 5 mol % MnFe 2 O 4 sample, which is higher than that of MgH 2 −LiAlH 4 sample and TiF 3 -doped sample in other report. 35 These results demonstrate that the MnFe 2 O 4 nanoparticles catalyst also remarkably improves the rehydrogenation kinetics performance of the MgH 2 −LiAlH 4 sample.
To determine the rehydrogenation product, XRD analysis is carried out on the ball-milled MgH 2 −LiAlH 4 sample and MgH 2 −LiAlH 4 + 5 mol % MnFe 2 O 4 sample after rehydrogenation at 300°C under 3 MPa hydrogen pressure, as presented in Figure 7 . It is distinct that phases MgH 2 , LiH, and Al (Al and LiH peaks overlapping in the XRD patterns) are observed in both the undoped and the doped MgH 2 31 have a catalytic effect, which leads to improved hydrogen storage performances. The catalytic effect of Fe oxide and the Mn-containing species has also been proved to be important in improving the hydrogen storage properties of MgH 2 . 30 The dehydrogenation/hydrogenation properties are closely related with particle sizes and surface defects. The higher refinement is induced by adding MnFe 2 O 4 nanoparticles. The refined particle size renders much shorter diffusion paths for hydrogen in the dehydrogenation/ hydrogenation process. A decrease in particle size and crystallite size results in introducing a high surface defect density and creating more grain boundaries, which leads to surface activation and a larger surface area of MgH 2 and LiAlH 4 particles. Deformed and disordered surface regions are produced around finely dispersive Fe oxide and the Mncontaining species, exhibiting a lot of surface defects, which introduce a larger amount of reaction nucleation sites and hydrogen diffusion channels at the surface of the matrix for the dehydrogenation/hydrogenation process. The higher surface defect density and grain boundaries introduced by the dispersive Figure 8 shows the XPS narrow scan spectra of Fe 2p for ball-milled, dehydrogenation, and rehydrogenation samples. The photoemission spectra of Fe 2p for ball-milled, dehydrogenation, and rehydrogenation samples all lie at 707.00 eV, corresponding to Fe 0.872 O 2 .
30 Figure 9 shows the XPS narrow scan spectra of Mn 2p for ball-milled, dehydrogenation, and rehydrogenation samples. The photoemission spectra of Mn 2p for ball-milled, dehydrogenation, and rehydrogenation samples all are located at 652.9 eV, corresponding to MnO x /Mn 2 . 30 
